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Executive Summary

This study explores the feasibility of improving road work zone safety by usingp$ttte art

Internet of things (loT), artificial intelligence (Al), and computer vision technologies. This
projectincludedanin-depth analysis of the key technologad methods that havde potential

to improve work zone safety. The report also explains and illustrates how existing and emerging
work zone safety systems and methods are typically implemented through a number of cases. It
also reports thdevelopnent oftwo proofof-concept systems geared toward the se¢d

today ds s mar theavaluatén oftheineféestivenesscanceliability through lab

experiments.

In order to gain an understanding of the major triggers of the most harmful crashes in work
zones, the project team analyzed crash flata North Carolina. The team also conducted a
thorough literature review to determine therentstate of practice in smart work zone
implementations in the United States together with the technical cagstalitthemost

prominent productenthe market. The findings of those research activities led the team to focus
on two core smart work zone elements: queue detection and work zone intrusion detection.
Queue detection is a key technolagymanysmart workzone applicationsuch as dynamic
lanemerge systems and queue warning systems. Intrusion detisciidey element afystems
thatprotectworkersfrom vehicles entering into restricted work ar€elsis report identifies three
commercially available déces that camavethe greatespotential to be used in the field as part

of a smart work zone to improve the work zone safety.

Driven by the insiglggained througlheliterature review anfrom the analysis of the North
Carolina work zone crash datao proofof-concept systemsere developedsing loT, Al, and
computer vision technologies for work zone safety. The developed systems provide capabilities
for two functions: (1) work zone intrusion warning and (2) vehicle queue detectiofirskloé

these systems ispaoof-of-concepintrusionalertsystemcomprisng a mobile device attached

on a tripod to monitor the restricted area #ratruns a software application designedltert

workers when an intrusion occurs. The workers receive alerts instantly treowig and

vibrations generated by themobile devices. The systemwastestedn a simulated test



environment and the findings of the tests indidai® goodpotential b provide a robust

technical approacto improving work zone safetyrhesecond system is@oofof-concept

gueue warning systerwhichwas also developed and tesgedpart of this projecthe results
indicated it hadsignificantpotential to be used smart work zones as a levost and easto-

deploy system. Both systems were implemented to run on Android smartphones. However, the
software is extremely portablendtherefore thefficienttechnical desigmeans ittan be

embedded in any type of hardwa
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1. Introduction

Work zonecrashes constitute a significant problemthe United States (USh 2013, 579
fatalities and 32,719 serioasashe®ccurredn the US Work zones also hawasignificant
impact on the efficiency of the roadway netwoikfias been reported thaghway work zones
triggeraround a quartesf the nonrecurring congestigrcausinga significant amount of delays
(888 million vehicle hours of delay in 201Awolusi & Marks, 2019) Work zones alter the
existing geometric layout afroadway and disturlts usual traffic patterns. Hse changes have
significant implications for safety, mobility, and efficienSilverstein, Schorr, & Hamdar,
2016) Smart work zonescorporateechnical solutionthat have beedeveloped to address
these problems bgombining stateof-the-art sensor technologies, data communication

infrastructure, and automated data processapgbilities

This research repotakesa twofold approach to explore ldfased smart work zorselutionsto
address the work zone safety problemis™pproach involvetivo parallel and harmonized
research activitiethataimedto explore the most promising approaches to improve safety in
work zones. The first of tse activities involve a study of the existing intelligent transportation
system (ITS) work zone safetyssgms that are availabbm the market. Special emphasis was
placed on technical solutions providing connectivity among various system elements. The main
outcome of this first elememtasthe identification of three commercially available devices and
theassociated deployment methods that can providgris&espotential to improve work zone
safety. To gain an understanding of the nature of work e@shs, the team acquiredwork
zonecrash data set fromdorth Carolina Department of TransportatosNCOT)

Transportation, Mobility, and Safety Divisi@md conducted an analysis of trasheghat
occuredin North Carolind s wo r k z dBf/206B aridl /81v2@28Time analysis

provided insigha intothe majorcrashtypes and the triggers of the shees that resuddin serious
injury and fatality. Addressing the most comnwashtriggers and crash typeanprovidethe

maximum benefit in terms of reducing the numbecrathesn work zones.
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Based on the findings of the work zone crash datagtma focused on products and technical
approaches thabuld providethe maximum potentialor addressing therashtypes identified

by the statistical analysis tfework zonecrashesThe project team conducted a comprehensive
analysis of thavailable technologies, products, devices, methodsb&sEd approaches and
systems that hawbe potential to improve work zone safety.i¥heportexplains and

demonstrates how the recommended work zone safety systems and methods can be applied in
practcal implementation cases. The team furthgoportedhe analysis by providing a detailed
account of the possible implementation scenariohgmvaluating their limitations, reliability,

and efficiency under various variablssich as time of the dayeather, road conditions, specific

threats and risks, and traffic patterns.

The £cond element of this research evaldatied demonstratetwo prootof-concept systems
thatwere developebly the authoto be used in smart work zones. One sysitarlvedawork

zone alert systemvhile the second one addreds$iee queue detection problem. The developed
systems are based on Al, computer vision, and IoT technologies. The author developed an
experimental setup fassessinghe proofof-concepisystemausingloT, Al, and computer

vision technologies faomprovingwork zone safety. The report provides insggr how the
proposed proebf-concept systems can be practically used in a typical smart work zone setting.
The first system comprigea mobile device (sartphone) attachet a tripod to monitor the
restricted area within a work zanghichalerss the workers wheawork zone intrusion occar

The second system provides queue detectpability andyenerates cloutlased alerts that can

be disseminated tisplay boards and other relevant parties.

1.1. Research Need Definition

The impact of work zonreelatedcrashess substantial in North Carolina. In 2016, there were

5,831 work zone crashes in the state. As a result of thoskents there were 26 deaths and

3,095 injuries. Among the victims who lost their lives, 24 were traveldride two were

workers. The stestical data indicathat there is a clear need for better and more efficient

safety devices and methods in work zones. It is clear that reliable and effective warning systems

should be employed in work zones tbhahgenerate timely and efficient alemvithin the
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vicinity of the area tdelppreventcrashesin this regard,@centadvances in the areas of sensor
design, Al, lowcost edge computing, 0T, computer vision, and dynamic web applicatwes

the potential tde translated and fused intoagtative systems and reliable methods wWald

enable the implementation and operation of safer and smarter work zones. This research project
wasdesigned to explore the potential provided by various technological approacioeseve

this aim

1.2. Researh Objectives

This study addresdehe work zone safety problem by pursuing two parallel exploratory research
processes. The first process cestierounda study of the existing commercially available

systems and methods that hélvehighest potentiala improve work zone safety. As a result,

three commercially available produetsre identifiedhatcould berecommended to be used in
work zones. The second procéssolveddevelopng two proofof-concept systems. One of

these wadocusel on detecting wik zone intrusions and alerg the workers instantly. The

second one provides a capability for detecting queuefoagénerating angssung cloud-based
alerts that can be disseminated to various users. The gesitpese werdased on Al, computer

vision, and loT technologies.

This project focusgton the following research objectives:

1 To provide an account of theey smart work zongéechnologieandmethodghathave
thehighest potential to improve safety, efficiency, and mobititwork zones, and to
specify the particular types of thredlmtthose devices and methocEnmitigate.

1 To explain and illustrate how available and emerging work zone safety systems and
metods can be implemented practically in the field.

1 To recommend a number of commercially available devices or methodsatreihe
greatespotential to be used in the field to improve work zone safety.

1 To investigate the feasibility of using Al, 10T, andmputer vision technologies for
improvingwork zone safety by developing preaffconceptsystemgshat demonstrate the
technical approaches proposed by this project.

Using IoT Technology to Create Smart Work Zones 3



2. Literature Review

A typical work zone comprisdive areasadvance warning areaatrsition area, buffer space,
workspace, and termination area (Fig.The kuffer space provides a separation between the
workers and the transition are@ihe workspace is the area where the construatiomaintenance
activities occurThe length of a wdt zone varies greatly from project to projedtelotal length

of a work zone can be as long as several miles or as sleofeéatiundred feetLarger and more
complex projects often require longer advance warning areas equipped with multiple message
display boards and traffic channeling devices. They also feature longer transition and buffer

areas.

—_— m‘ —
s SO LY e
L R T
4 é» rewufy &4 8 4831
| )\ J \ J \ J
Y T T T Y
Advance Transition Buffer space Workspace Termination area
warning area
area

Figure 1 Areas ofa roadwork zone

The termSmart Work Zones also referred to asWork Zone mtelligentTransportation System
and is defined as the deploymenirgtlligent transportation syste(ITS) technologies and
technical solutions to increase the safety, mobility, and efficiency of work zones. Smart work
zone solutions are often deployed for a period of tlmeon a temporary basitypically until

the project is completed@xDOT, 2018) TheloT can bedefined asystemsf interconnected
sensors, actuators, and computing devicathavethe capabilities to execute their tasks semi
autonomously or fully autonomousiost smart work zones are designed to autometaio
tasks by processing the data generated by the connected sandtiverefore, they show the

characteristics of an loT architecture.
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A previousstudy(Gambatese, Lee, & Nnaji, 201d¢terminedvhat werehe most commualy

used work zone safety technologies in highway construction projects in the United States.
According to their findingsportable changeable massage s(GFTCMSs) constitutel the most
common technology used in work zones. S&weerefollowed by portable rumble strips

Doppler radabased speed detectiand automated flaggers. Work zone intrusion alert systems
werethe least popular technology used in highway constructigegiso In the United States,
themajority of smart work zone applications utilize radar sensors to measure traffic conditions
and PCMSs to disseminate warnings and guiding messages to mdioasidition to the

current systemshere arealsoa number bnovel technologiestill under development. Some of
these novel approachesay providethe potential to lower sensor costs and increase the system
efficiency. Berna®t al.conducted an extensive survey and comparison otlmst novel

technologies foraad traffic monitoringBernas, et al., 2018)

Smart work zone technologies generate data threagbussensors, which measure a variety of
traffic parameterse(g, speed, volume, lane occupantavel time} and also dets the
occurrences of significant events (queues, congestiamgerous road conditions, work zone
intrusions etc.). The data gathered by the sensors are processed by human or-tresdine
systemsandconveredinto actions that address thertinentsafety, mobility, and efficiency
problems. Smart work zones are typically designed to automate such actiamsdarfghe
critical processes. For example, an-efidjueue detection unit can be configured to trigger an
alert message to be displayed on the SSNData can also be processed by operation
dispatchers or other stakeholderhigtp make decisions and igesituationalawarenesgom

work zones. Smart work zones can also be designed to record data for reporforgradeépth
analysisfor various types of decisiemaking(TxDOT, 2018)

There are plenty of successful smart kvbone applicatiomnappliedthroughout the United
StatesTheKansas Demonstration Proj¢Bledsoe, Raghunathan, & Uliman, 201glpnesuch
example that is useftbr illustrating the structure of a typical smart work zone design. The
project was developed during the construction of t88/Homestead Lane Interchange in

Johnson County, Kansas. This particular smart work zone used-inailatted sensors to collect
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vehicle speed, classification, volume, and lane occupancy. Data was gathered for up to 10 lanes
of traffic in each direction. Through an Internet connection, the traffic data was transmitted to a
remote locationwhere it was processed by a software systeepedding on the traffic

conditions, the system remotely activated messagew#énatisplayed on the PCMSs to provide

alerts and guidance to motorists around the work zone.

Another example is an ITS project implemented by the Michigan Department of Transportation
for the total closure ahel-496 in downtown Lansing. The setup featured 17 cameras and six
gueue det ect dqchamgeable thessadighs] tCdsBlay advare traveler

information to the public to help alleviate traffic congestion resulting from the full closure of a
maj or f(UlmanwSahrogder, & Gopalakrishna, 2014)

A third example is the New Mexico Department of Transpt at i ondés depl oyment
the reconstruction ofthed0andi2 5 i nt erchange i n Al buguerque.
cameraseight modular CMS; four arrow dynamic signs; fourlaht emitting diode (LED)

portable CMS trailers; four portabtraffic management systems, which integrate cameras and

CMS on one fully portable unit; and four HAR units, all linked electronidallthe temporary

Big I TMC to better man dUlman,iSchooeddre&opatakrishna, i ng t
2014)

Smart work zones requisabstantiaexpenditure for implementation and operaiiomany
construction projectCurrently, in most caseasignificant level of engineering effort is

required to integrate the commercially aghie products into an effective and reliable technical
solution for a work zone. Each work zone site has its own unique characteristics. Therefore, the
solutions often need to be customized to address the needs of the particular project setting. For
exampe, what constitutes a queue can vary from one project site to ar@timsequentlysmart

work zone designemsitenallocatea considerable amount of time and effrcustomizing the

control logic used in their systen#s.cost breakdown of the Kansajact illustrates the cost

factors involved in a typical smart work zone proj@&ledsoe, Raghunathan, & Ullman, 2014)

In that particular example, the total cost of the smart work zone sysiepstimated as

$1,650,000. A sigificant portion (54.7%) of the budget was allocated for the
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software/consulting and ITS software upgrade activities, which éolmrsthe customization
efforts needed for the proje@omecostexamples of a number of smart work zone projects are
shown inTable 1.It can be seen thate total costs vary between $1,500,000 to $2,000,000.
Guidance on the cost factors involved in smart work zone systems can be f¢Dedsion

Tree to Identify Potential ITS/IWZ Scoping Needs, 2019)

Tablel Examples o$martwork zonecosts

Project Description Smart Work Zone Technology Costs
Construction othel-35/Homestead Lane Total cost:$1,650,000.

Interchange idohnson County, Kansas Major equipment items:

(Bledsoe, Raghunathan, & Ullman, 2014) | -22 Wavetronix sensors

-18 portable changeable message signs
-7 variable speed limit signs of8b

-6 CCTV camerato facilitatethereattime

monitoring of traffic conditions

The Michigan Department of Transportatiorf Total cos: $2 million

deployed ITS during a total closuretbgl- Major equipment items:
496 in downtown Lansin@Jliman, -17 cameras
Schroeder, & Gopalakrishna, 2014) -6 queue detectors

-12 CMS to display
The New Mexico Department of Total cost:$1.5 million
Transportation deployed Major equipment items:

ITS during the reconstruction of theld and | -8 cameras

[-25 in Albuquerqgue. -8 modular CMS

-4 arrow dynamic signs

-4 alFLED PCMS trailers

-4 portable traffic management systems
(integrating cameras andUs)

-4 HAR units

Using IoT Technology to Create Smart Work Zones 7



The design of a smart work zone constitutes an optimization problem. The efforts often focus on
decidingon a system configuration that would provitde maximum benefit that can be

delivered with the limited resources available. Therefore, system designers should have a sound
process to decidenthe elements and features of their smart work zoresMinnesota

Department of Transportation (MNnDOT) proveda set of guidelines teelpidentify the

ITS/IWZ technology needdecision Tree to Identify Potential ITS/IWZ Scoping Needs, 2019)
They recommend the use of their decision tree for these purposes. The decisi@s tree

desgned to help decisiemakers to determine their resourmedgtime and monetary) to

achieve the desired goals.

3. Analysis of the North Carolina Work Zone Crash Data

It is important to understand the naturdhadtraffic patterns that triggearashesn work zone.

That insight can enable decistamakers to identify optimal safety systems to eliminate the major
triggersof harmful incidents. This chapter focuses on the analysis of the work zone crash data in
North CarolinaOur analysiscoveredthe North Carolina motor vehicleork zonecrasheshat
occurred betweeAugustl, 2008 andJanuary3l, 2020. The data set was pided bythe

NCDOT TransportatiorMobility, & Safety Division and it contaed4251 observations and 64
variables. The objective ¢ihedata analysis was to identify th@st significant traffigpatterns

that lead tdhe majority of theseriouscrashesn work zones. Therefore, we focused on the
crashes that involved serious injuries and fatality. Tleoasghtypes are characterizéuthe data
setasthree typesB (crashes resulting in néncapacitating injury), A (crashes resulting in
incapacitating ijury), and K €rashesnvolving fatality). The datsetcovers theerasheshat
occurred in oin close proximity to a work zone. The data set contained information on 4,251
incidents Among these incidentshere were 240 crashes that resulted in fagglitvhile 432
incidens involved serious incapacitating injurjend3,579crashesaused notfincapacitating

injuries(see Table 1)
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Table2 Breakdown of the incidents according to tnashseverity

Severity

Cumulative Cumulative
Severity Frequency | Percent Frequency  Percent

A 4321 1016 432 10.16
B 3B/79 8419 4m 94.35
K 240 565 4251 100.00

The breakdown of therashesccording to the time period of the incidefiiable 3)indicates that

most crashes ocawd duringthe afternoon from Jomto 5 pm (27.01%) andt nighttime from 8

pm to 6 am (26.23%)espite there being much less traffic at nigttis analysis indicatethat

work zones are most dangerous between 8 pm and 6 am since there is a higher likelihood of a crash

per vehicle in theiginity of a work zone.

Table3 Time of work zonerashes

Cumulative Cumulative

Time_Period Frequency Percent Frequency Percent
Afternoon_1_to_5pm 148 27.01 1148 27.1
Evening_rush_hour_5_to_8pm 600 1411 1748 4112
Morning_%am_to_12pm 677 15.93 2425 57.05
Morning_rush_hour_6_to_9am M 11.55 2916 68.60
Night_8pm_to_6am M5 26.23 4031 94.82
Noon_rush_hour_12_to_1pm 220 5.18 4251 100.00

The crash data sebveredeight levels of light conditions for therashegsee Table 4)The
maj ority of crashes occurred under t,whilecondi't
around 29.79%fthenoccur red under | ight conditions des

thatthe volume of traffic during dark light conditiorsssignificantly lower than the daylight time
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traffic, we can conclude that thereaikigher probability ofa crashoccurringduring dark lighting

conditions in work zones.

Table4 Impact of the light conditions

Light Conditions

Cumulative Cumulative

Light_Conditions Frequency Percent Frequency
Dark - Lighted Roadway 465 10.94 465
Dark - Roadway Not Lighted 79 18.61 1266
Dark - Unknown Lighting 10 0.24 1266
Dawn 61 143 1327
Daylight 2835 66.69 4162
Dusk 83 1.95 4245
Other 4 0.09 4249
Unknown 2 0.05 4251

Percent
10.94
29.55
2978
.22
97.91
99.86
99.95

100.00

The mpact of thdffirst harmful eveniis analyzed iMable 5 The data indicatethatthe harmful
type f Retaorp oE ncd@398atdf iolondentgrhile 12.75%of thecrashes

occurred with thdmarmfulev e n t Obj ecto.

event

type fAFi xed

Table5 Impact of the first harmful event

First Harmful Event

Cumulative  Cumulative

First_Harmful_Event Frequency | Percent Frequency Percent
Angle 382 5.99 382 5.99
Animal 12 0.28 394 927
Backing Up g 0.19 402 9.46
Fixed Object 542 1275 244 2221
Head On 138 3.25 1032 2545
Jackknife s 016 1089 25 62
Left Turn, Different Roadways 128 3.01 1217 28 63
Left Turn, Same Roadway 170 4. 00 1387 32 63
Movable Object 108 254 1495 3517
Other Collision With Vehicle 45 1.06 1540 3623
Other Non-Collision 79 1.86 1619 38.09
Overturn/Rollover 223 525 1542 43 .33
Parked Motor Wehicle 55 1.29 1597 44 62
Pedalcyclist 31 073 1928 45 35
Pedestrian 219 515 2147 50.581
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Ran Off Road - Left 104 245 2251 52.95

Ran Off Road - Right 160 3.76 2411 56.72
Ran Off Road - Straight 23 0.54 2434 67.26
Rear End, Slow Or Stop 1441 33.90 3875 91.16
Rear End, Turn 18 042 3893 91.58
Right Turn, Different Roadways 23 0.54 3916 9212
Right Turn, Same Roadway 14 0.33 3930 92.45
Rr Train, Engine 2 0.05 3832 92.50
Sideswipe, Same Direction M 520 41563 97.69
Sideswipe.opposite Direction 93 219 4246 99.88
Unknown 8 0.12 4251 100.00

Table 6 provides a breakdownahshesccording to the work zone project typ&le najority
of crashes occurred inside an area describtftedisConst ructi on wwhilek ar eao
12.14%o0f them occurred in an area characterizedheh Ma i n t wonkanmneao e

Table6 Breakdown otrashesaccording tothework zone types

Type of Work Zone crash occured in or near

Cumulative  Cumulative
Type_of Work Zone_crash_occured | Frequency Percent Frequency Percent

Construction work area 412 8026 3412 80.26
Intermittent/moving work 139 37 3551 8353
Maintenance work area 516 1214 4067 95.67
No 45 1.06 4112 96.73
Utility work area 139 327 4251 100.00

In additionthemaj or ity of the crashes occurred during
resear cher s 6 liwatarkindicasduhatthefiifna ttahle cr ash ri sk i n n
zoneswas thegreatest under nighttime conditions, while construction and utility work zone fatal
crashesverethegr eat est under (QagyAchtegeet, Marris, Tidni & Hataen, s 0

2017)
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Table7 Active versus noeactive work zones at the time of crashes

Work Activity at time of Crash?

Cumulative Cumulative
Work_Activity_at_time_of Crash_ Frequency Percent Frequency Percent

No apparant activity 1722 4094 1122 40.94
On going 2484 59.06 4206 100.00
Frequency Missing = 45

Table 7 compares tlegasheshat occurred in an active work zone vensusonactive work area

The majority of the crashes (59.06%) took place when there was an ongoing activity in the work
zone. The mjority of the crashes occurred in ss@iaa d | a theanctt utaol wo 16280) z one o
while 34.62%of crashes occurreglii ianvo r Kk ar e a a (sge Tabla &Whert we fpekr 0

at the findings of researchers whaveevaluated the nationwide statistics, there are mixed views

and conclusions regarding the most dangerous areagsakaone. One reason that was given to
explain this conflicting finding was the variations, incompleteness, and inaccuracies encountered

in the crash data. Crash data are compiled based on the entries and reports wiatEusiaw
enforcement offices, which resuéi n vari ations in the dhatea. Sor
indicatal thatthe activity areas the most significant part of the work zomepresenting 40% to

70% of crasheswhile the termination aredas beeriound to be the least significant contributor

of crashegCraig, Achtemeier, Morris, Tian, & Patzer, 2017)

Table8 Breakdown of the crashes according to their position within the work zone

Location of Crash - relevant to work zone

Cumulative Cumulative
Location_of_Crash__ relevant_to Frequency Percent Frequency Percent

Adjacent to actual work zone 2003 4762 2003 47.62
Before work area 747 17.76 2750 65.38
In work area approach taper 1456 3462 4206 100.00

Frequency Missing = 45
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Most ofthecrashes occurred withthe Uninla n eu v e r

9.42%o0f crashes happened wieUnit Ima ne u v e r

withtheUnitlma neuver

ifGoi

ng

s t,while g ht

ah

i Ma kandrb 7% happenedt ur n o

A Changi ngee TakdeSame esearcheefCrajg, n g 0

Achtemeier, Morris, Tian, & Patzer, 2017aveindicatalt h a t -end crashes most often

occur within the Advance Warning Area, likely due to slowing traffic in response to the work

zone, and side swipe crashes increase in the Transition Area, likely due to increased lane

changing

Table9 Analysis ofunit 1 maneuvesduring work zonerashes

behavior i n

t h

Unit 1 Maneuver

Unit_1_ Maneuver
Avoiding object in road 27
Backing 19
Changing lanes or merging 236
Going straight ahead 2949

Leaving parked position 1

Making U turn 27
Making left turn 392
Making right turn 54
Other 256
Parked in travel lanes 24
Parked out of travel lanes 16
Passing 25
Slowing or stopping 161

Starting in roadway 49

Stopped in travel lane 156

Frequency  Percent

0 65
0486
567
T0.87
0.02
0 65
9.42
1.30
0. 60
0.58
038
0.60
387
118
3.75

Frequency Missing = 90

i s

Cumulative
Frequency

27
46
2382
3231
3232
3259
3651
3705
3730
3754
3770
3795
3956
4005
4161

ar ea.

Cumulative
Percent

0 65

111

6.78
77 65
T7.67
78 32
87.74
59.04
89 64
90.22
90 60
91.20
95 07
96 25
100.00

0

Silversteinet al.(2016) concluded that reand and sidswipe(RESS)types of collisions

constitute the most significant typesapshesecorded in work zones. Their recommendation

wasfor potential smart work zone applications to focus on creating safer traffic dioghtons

by encouraging safer driver maneuvers through the inclusion of speed harmonization control

methods and vehicl®-vehicle communication driving assistance systems. They also expressed

t hat t he

use of

to be reevaluated given the marginal difference in the effect of speesiiingh comparing

workz ones

t o

emphasized the significance of RESS collisions in work zones.

Using IoT Technology to Create Smart Work Zones
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The conclusions abur analysis othecrash statistics within work zones are summarized as

follows.

1 Greater safety improvements can be achieved by implementing safety measures
addressing reagnd, sideswipe, and angle type collisions. Queue warning and dynamic
lane merge systems have potential iis Hspect.

1 Work zone intrusion incidents constitute a small portion of the overall work zone crashes.
However, when they occur during an activerkveone, they posagreat risk for fatality
and serious injury. Although worker fatality and injury constitute a small portion of the
overall crashes, they are significant when we look at the issue from an occupational
safety point of view. Road constriart is one of the most dangerous professions in the
United Statesand asignificant portion of the risks @due towork zone intrusion

incidents.
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4. Analysis of the Key Smart Work Zone Technologies

This chapter focuses on the most significant technetotiahavethe highest potential for

safety, mobility, and efficiency improvements in work zones. It has to be noted that there are
many more technologies and commercial safety systems available in the; inarleater, here

we focus on the systems tha¢ aelevant for thecopeof this study, which is centered around
loT-enabled smart work zones. The systems covered in this chapter reflect the technical
approaches thdiavedemonstrate proven track records in the field ancthlso havehe

potential br further improvement and innovation.

4.1. Queue Warning Systems

Queue warning systenmave beeround to be effective in reducing the occurreswierearend
crashes in work zones. A queue warning system detects slowdowns and queue formations in a
roadway through the use of a capability to measure certain traffic parameters (vehicle speeds,
occupancyetc.) and a control logic to generate appraprsagnals talisplay todrivers. Such
systems typically use dynamic message signs and/or flashing lights to alert matotisss.

way, drivers can be informed about slowdowns aheadcandake action toeduce their speed.
Queue warning systems hate potential to reduce reand crashes, increase travel speeds, and
reduce the speed differentials between vehi@#etDOT, 2008)

Queue warning systems should be carefully designed since the configuration of the elements
poses an optimization problerin particulay roadways that experience unpredictable queue
formation patterns (fluctuating and rogcurring queues) are challenging. The locations of
sensors and message signs have to be selected optimally. Since it igfofténtd predict the
possible locations of queue tails in work zones, there is always a possibility that ahdyers
encounter stopped or slowdown traffic before they see a warning sign. Therefore, work zone
operators have to monitor queue lengths attito makeanynecessary correctiofsinDOT,

2008) In addition,system operatonseed theaumbers fothe estimated maximum queue length,
whichwould enable them to decide where to place the first warning message digglagt as

an estimat®f the average queue length. The quantity and locations of speed seitisalsobe

determined by those estimations (Fig. 2). The control logic for issuing alerts can be as simple as
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establishing a set of threshold speeds that trigger-sgheeted mode of messages that will be

displayed orthe PCMSs. An example of suesimple contrologic is provided in Tabl&O.

’ 34 & 2
—
| = /Lt ko
A e A [
Estimated end-of- ! Point of |
Farthest, predlcted queue location merge Merge taper
end-of-queue
STOPPED location STOPPED
TRAFFIC TRAFFIC -

AHEAD 1 AHEAD
: Message
: boards
BE : BE -
PREPARED ' PREPARED I
TO STOP : TO STOP

R
Estimated average queue length

=

® Traffic sensor Estimated maximum queue length
Figure 2 Generalstructure of agueuewarning system

Table10 Typical messages to be displayed on PEMIDOT, 2018)

Traffic Condition Free Flow Conditions Delays or Slowdowns Long Delaysitopped
Traffic
Downstream Measured greater than45 mph less thamd5 mph less thar25 mph
Speed: and
greater than or equal to
25 mph

Message Displayedn

PCMSs SLOW

TRAFFI

X MILE X MILES

Note.Adapted fronfiSmart Work Zone Guidelines Design Guidelines for Deployment of Work Zone Intelligent Transportation
Systems (ITS) Texas Department of Transportatj 2018 p.18

The design complexity of the control logic for the queue aleiitde dictatedby the specific
needs of the work zone site. The following exan{pleurdos, et al., 201 7l)justrates tls point.
TheMinnesota Department of Tmaportation develaggdtwo different control logics for two sites
onthe1-35W and 194. The project involved the implementation ofaative traffic management
(ATM) system. They built two separate systems to identify-Epexific shockwaweor queuing

conditions ando warn motoristsn orderto prevent reaend collisions. The two locations
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experienced different traffic pattefrvghich required the development of different control
algorithms for the same problem. As this example showsnibti always possible to apply the
same simple speed threshdldsed control logic for all queue warning systentnerefore, ®
achieve areffective design of a queue warning systemeshouldconfigure the elements listed

below optimally.

An effectivecriterion for what constitutes a quealed/or a slowdown

Locations of message displays and signs

=

Types of messages displayed (and/or activation of flashing lights) on each board (or
warning device) for any givemaffic mode

Locations and detection rangefsthe sensors

Types of sensors (radar, loop, machine visgio.) used at any given sensor location

Whether or not the system employs virtual sensors (crowdsourced data or probe data)

= =4 4 =4

Whether or not CCTV cameras will be ugedralidate traffic data arar to provide

situational awareness at sekztsites

1 Control logic (the algorithm that activatdee warning messages based on the
measurements obtained frahe sensors)

1 Data communication method to provide connectivity betwbherarious elements dhe

system (Internet, short range radio, or a mix)

1 Whether or not the system will provide a capability to issue alerts on mobile apps

The literature indicates that the control logic can be complicated by the traffic patterns

experienced in individual roadhys. It is not always straightforward to decide what should be
interpreted as a queue in a roadway. Current sensors and detectors tend to capture measurements
from a slice of the roadway; therefore, their output is sensitive to the behathetiofited

number of vehicles within their detection rangeisidancause certain situations where traffic
measurementmayfail to depict an accurate representation of the traffic status in a roadway. For
example, a few vehicles slowing down within a short segwfemtroadway can potentially

trigger a false queue aleaven wherthere are no actual queues impacting the traffic flow. The
measurement fluctuations shotietreforebe compensated by carefully designed algorithms

embedded into the control logic. In nyatases, queue warning systems employ an algorithm

Using IoT Technology to Create Smart Work Zones 17



thatcalculates a rolling average of the measurements over a period of timb (eigutes) to
prevent fluctuating messages on PCMSs. However, this can also limit the reaction times of the
system tavardactual rapid queue formations arehcause the system to generate delayed
warnings, whictcandecreasé¢he potential for reducing resend collisions. Tese issues indicate
that queue warning systems need better sgndetectors, and predictive algonth that can

more accuratelgvaluate larger lengths of roadways &etb make smarter determinationstbe

traffic flow.

4.2. Dynamic Late Merge Systems

Dynamic late merge systems constitute a type of smart work zone configuration that optimizes
the capacity usage in work zones while improving safety and efficiency. They are also referred to
as zipper merge systems. Such systems typically alert drivarsugdcoming traffic slowdown

or stopped traffic, instructing them to use both lanes until the designated mergépbist.

way, the capacity usage is increased, and queue lengths are decreased. It has been shown that
zipper merge systems can reducelémgth of upstream queues by 40%. Dynamic late merge
systems can also reduce the differential speed between lanes, therefargyiesathore

harmonized roadway and safer traffic pattdMaDOT, 2008) Vaughan et. al (201&xplaired

the benefits of zipper merge treatments in North Carolina.

| s 4%
I — — [— 4 S * Workzone
; 7 i’e 7.
Estimated end-of- Point of f
Farthest, predicted queue location merge Merge taper

end-of-queue
STOPPED location MERGE
TRAFFIC AHEAD
AHEAD

MERGE
HERE -
Message

boards
USE USE
BOTH ! BOTH

LANES : LANES

|
Estimated average queue length

= w

® Traffic sensor Estimated maximum queue length

Figure 3 A typical layout for zipper merge treatments
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Figure 3 showsthe main elements involved in a typical zipper merge system. The message sign
placed at the point of merg provides guidance on how the merge should take place. If a queue
is present, drivers are instructed to take turns to proceed. If the trafficrftowslly, a simple
message of fAmerge hereo is often displayed.
to use both lanes if a queue or slowdown is present. For locations beyond the end maximum
gueue | ength, a mes s aigcemnwily shiosn topepentdeandr af f i ¢
collisions. The optimization challenges explained in the previous section are also applicable to
zipper merge systems. The effectiveness of a dynamic late merge system is dependent primarily
on the accuracy of the que detection, the capability of the control logic, and the coverage of

the range of the message signs.

4.3. Intrusion Detection and Warning Systems

Road construction is one of the most dangerous occupations in the United StategsofReesl

are 6 times morkkely to be injured or killed on the job compared to other professions. More

than 2,400 worker injury incidents each year are caused by tedbeghat occur in work

zones in the U.§Awolusi & Marks, 2019) Work zone tashes tend to be more seviran

crasheghat occumutside a work zon@regon Department of Transportation, 2020Wwork

zone intrusion is defined as an incident where aawghorized vehicle enters into the part of the
work zone that is closed the public. Work zone intrusion sensors detaetntrusioneventand

the systenthenissues alerts to the workers present in the work area. Some sgiteprovide

alerts targeting the drivers in the vicinity of the work zdeach system features different sensor
technology to detect the triggering event difterentmethods to notify workers. The main

purpose of an intrusion detection system is to provide sufficient alerts to the workers so that they
can escape from the pathanapproaching vehicle. Such systems may also provide &derts

drowsy or distracted drivers fmompt them tdake corrective measures. Big4 depicts the

guidance provided by the Minnesota Department of Transportation on the recommended
deploymenbf work zone intrusion systems in work zones. They recommend the deployment of
an intrusion warning system or an electronic

the workers are located adjacent to open lanes not separated with concrete barriers.
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Are workers
adjacent to
open lanes w/o
barrier?

Intrusion Warning
yes and/or
Electronic Workers Present
Speed Limit 5 miles or greater

Figure 4 Scoping needs fan intrusionwarning system

Note.Adaptedfrom fiDecision Tree to Identify Potential ITS/IWZ Scoping Needsby Mi nnesot a Depart
Transportation, p.1. Retrieved framips://www.dot.state.mn.us/its/docs/scopingdecisiontree.pdf

Marks et al. (2017provided a detailed review ahetechnologiesvailablefor work zone safety

at the time of their reparThe study focused on identifying intrusion technologiesngroving

work zone safety. They selected a number of commercially available technologies and evaluated
the performance of the equipment by conducting field experiments in simulated work zanes. Th
researchers concluded thatile the current product offerings are limited in numbers, they can

be potentiallyused to provide alerts to highway workers when dangerous incursions are detected.
Astro Optics LLC offers a productlledthefiTraffic Guard Worker Alert SystenfWAS)o,

which hassome level of usability in work zon€Bhe system uses trigger hoses that areimaid

critical detection areas withework zone. When a vehicle passes over the hose, a strobe light
and siren get activated and alert the workers
devices also warn them by vibrating.

Based on the findings ofracentreport(Marks, Vereen, & Awolusi, 2017a successful

intrusion detection system shoydtbvidethe following attributes

Avoids or minimizes the workingcrewds exposure to traffic during the deployment.
Minimizes the amount of time and level of effort needed taupethe equipment
Minimizesthe rate of false alerts since seelesensitize the workers

Minimizesthe space needddr the equipment

Maximizes the durability of the system

Avoids potential misalignment problems tine detection area

= =2 4 4 A A -

Minimizesthe cost
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Mar ks et al alsobkighlgi2ddithenengthy setumtynes, false alarmmssfires and
alignment difficultiesas the significant shortcomings of the intrusion alert syste the
market,andw h i dihderfihe widespread application of these technologies for work zone
safetyo &t particularstudy recommeretl Intellicone and Traffic Guard systems. The study
alsoprovided guidance on the selection of work zone intrusioviaks according to the project
types. They recommerd Intellicone for projects lasting longer than one day \aithper longer
than or equal to 1,500, fivhile the Taffic Guard Worker Alert system wasportedto be useful

for short duration projects (one day or shorter) with a taper shbaet,500 ft.

Another studyGambatese, Lee, & Nnaji, 201@9gmpared three work zone intrusion devices
(SonoBlaster, Intellicone, Worker Alert Syst¢WAS)) by surveying a group of ten users. They
asked the users tatethe systems based &our product characteristics: ease of use;
effectiveness athetriggering mechanism; effectivenesstioé alarm; and likeliness of use
consideringhecost.The ese of ge ratings were similar for all three devicegh mean values
ranging between 3.30 and 3.50 (within a rating system of 1 ih&)dfectiveness othe

triggering mechanism waanked thénighest forthe SonoBlastesystem(mean rating of 3.30)
while Intellicone was rated as the least effective (mean rating of &n8@) g the three systems
The alarm #ectiveness wathe highest for SonoBlaster. When the survey participants were
asked to rate thelikelihood of use considering the cost, they ratedoBdasterthe highest with

a mean rating of 2.2@vhile WAS was rated 1.88n averageandintellicone received an

average rating of 1.30. None of the three devices was successful in obtaining ef rator

better in the area of overall likelihood of mgithem in the field. A repoffacobs, 2018)

prepared for Scottish Road provitigetailed accoustof someanecdotal observatioms using
thelntelliconesystem. According to the report, Intellicone is currently used on gi0%te

Highway England (HE) networkvith its usemandatory in certain areas. Overall, the Intellicone
systemwas considered to hagetendency to generate frequent false alarms since the cone can be
accidentally knocked ovelHowever,newer versions of thequipment provide different options

for sensitivity to addressigissue.
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As a result oburreview of the commercially available products in the market, three products
were identified to demonstrate some level of track record in the industhadialso been
covered in a number of research studies and pilot tests. Thblenmarizes those products by

comparing their key technical characteristics.

Tablel1 Comparison of work zone intrusion alert products

Adapted fronGamatese et al. (2017) and Awolusi & Marks (2019), p.21.

Sonoblaster Intellicone Worker Alert System
(Transpo Industries) (Highway Resource (Astro Optics, LLC)
Solution)
Detectiontrigger Impacttilt Impacttilt Pneumatic hose
mechanism Wireless sensor (motion

detector) activated

Alert method Audio Audio, visual Audio, visual,
personal vibrating

Device is attached ta Device can be instigd on | Tube placed at the
channelizer along the achannelizer alonthe beginning of the taper
taper taper and work zone

Reportedissues Alarm range, false alarm| Issues with the audibility | False alarm rates, short
rates, setup time of audio alerts reaction time, limited

detection coverage, setuj

time
Estimated price $100 each $2,000 each $600 each
Estimated cost for a $1,260 $1,980 $2,400 $3,200 $5,940

typical work zone

Many researcherBaveemphasizd the importance of the sound levels when admdised alerts
are used. When sirens or other alarm sounds are usednk aoneintrusion alert system, they
must produce sufficient levels of sound. One stihlyaji, Gambatese, & Le2018)
recommenddat least 93 dB within 50 ft of the receiving party. Although work zone intrusion

detection systems are commonly seen as alert devices, they can also be designed to function as a
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data collection platfornfior recording the work zoniatrusion occurrences. Therefore, they can
potentially serve two purposes: alert generation and data collection. The importance of collecting
work zone intrusion datiaas beemrticulated by many researchers. One suchyqiud, Chen,

& Wu, 2006)develomda method that facilitates a system and a process for recording intrusions.
Intrusion data collected in a smart work zone can provide important issiglthe overall safety

of the work zone andanprovide a tool for the workone operators to evaluate the configuration

of their project area. It has to be noted thatmajority of commercial products do not provide

data logging functionalityalthough this feature halse potentialto improve work zone safety.

4.4. Mobile App Alerts

Todayods smart work zones rely on PCMSs to dis
motorists. However, roadside message signs have their limitations. Some reséanshers

addressed the importance of optimizing the number of PCMSs used in a workiddhe a

maximum number of message modes that can be communicated te elifieetively. The idea

is to prevent information overload and distraction, whichlead todrivers ignoing the

warnings. A study conducted by Ullmehal.c onc | ud e d id PGM&stshoddengtu e n t

di splay more than f o @iman, &dthradder, &1GGopalakrisbng, 2014)f or ma
Therefore, work zone operators should optimize the separation and number of PCMS units

deployed in the work zan There are also significant cost considerations with the use of PCMSs.
Generally, a PCMS costs between $12,000 and $2QY/A, Guidance for the Use of

Portable Changeable Message Signs in Work Zones, .2013)

Mobile alerts lavethe potential to complement and substitute PCMSs in many smart work zone
applications. Irvehicle voicebased mobile app alerts can be particularly effedtive
disseminating roadway information to motorists within the area impacted by the worl@dzone.
literature review indicatéthat invehicle messages are better understood and remembered by
drivers than PCMS messagasdtherefore, there are potential benefitsising app alerts as

part of an effective smart work zone design. CurrethiiywVaze/Google Maps platform has the
highest market shasemongmobile navigation app3.-heWaze Connected Citizens Program

enables automated rehe updates from devices in thield, which makes it feasible to
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generate alerts and guidance from smart work zones into the mobile app platform. Mobile apps
can also communicate more information to receiens.instance\Waze alerts provide 40

characters (even more) verghe8 chaacters per linghatcan be displayed on a typical PCMS.

A 2017study(Craig, Achtemeier, Morris, Tian, & Patzer, 20prpvided insights on the

effectiveness of kvehicle message$hey conducted a number of driving simulatio

experiments to compare the effectiveness of different messaging interfaces in communicating the
hazards to the driver. Their findings concluded ghapice based tuehicle message is more

effective than a message displayed on a roadside board.

4.5. SmartWork Zone Component Vendors

This section summarizes the findings of our review of smart work zone component vendors and
manufacturers in the United Stat&be process to identify the three vendors listelbwwas

based oranevaluation of the track records of the devices offered by these vendors and the
volumeof smart work zone applications that their product lines werewgbdaffectively. It has

to be noted that there are many more vendors in the market with qualitctsrdiuat can be

reliably used in various smart work zone settings and the list provided below only reflects the

findings of our assessment, which reliedtloaliterature reviewwve performed

1 Wanco Inc.Wancoin partnership with QLynx (formerly PDP Sm&Vork Zone
Systems) provides smart work zone componesotsh as radar and Bluetooth detectors,
video cameras, and PCMSs. QLynx manufact@iegnx Nanowhich is a detection
system used in queue detection systems, travel time systems, and dynamiadgne me
systems. The device can be mounted on trailers, poles, message boards, or other
equipment.

1 Ver-Mac: Ver-Mac manufactures smart work zone devices. They partnered with
Jamlogic Software to develop complete smart work zone applications. Tidader
product line includes PCMSs, portable sensors, cameras, and speed information feedback
signs.

1 Wavetronix:Wavetronix is a manufacturer of radar sensors for intelligent traffic systems.

Wavetroni x6s Smart Sens oawiddRarigiyrofardficct | i ne
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parameterssuch as per vehicle speed, vehicle counts, average spdedeB®ntile

speed, andccupancy.

4.6. Key Findings of the Analysis

As a result of the literature reviethe analysis of the dfth Carolinawork zone crash datand
the analysis of the prominent work zone design approaches in the UnitedtSeatelbowing

focus areas emerged:

Queue detection/warning functieto reduce reaend collisions

Dynamic late merge systems to reduce speed differences between the lanes and to
promote safer merging behavior

Work zone intrusion alert systems

Effective dissemination of work zone aleatsd messages

Those points listed above led to g$eecton ofthe focus areas for the preof-concept system
developmerdg Two critical technology focus areas emerged: work zone intrusion warning and
gueue detection systems. Currently there are no mmTk intrusion alert devices that meet the
expectations ofvork zone designers effectivelx new design approachtisusneeded, and this
study identifiel computer vision and Al technologies as the primary drivers of snelw design
approach. Similarlygqueue detection has its own practical challenged althoughhtere area

wide range of producisnthe marketqueue and congestion detection still pose chadiefuy

smart work zone designers. This study provides a gbobncept approacdthatcan be the first
step toward building more holistic, cesffective queue detection methods that rely on Al and

computer vision.
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5. Proof-of-Concept Systems folSmart Work Zones

This chapter describéao proofof-concept systems developed by the author. The developed
systems demonstrate the feasibility of building-4owst Al and computer visiebased systems
thatcouldbe used to build smart work zones. Thaays were designed tiisseminate alerts
over the InternefThe proofof-concept system development effddsused orbuilding two
functional experimental systems: work zone intrusion alert and queue warning syst#nss
chapter, each of the tools aeplained in detail and the results of the tests and evaluations are

discussed.

’ PHP code server-side (backend)

I Adobe PhoneGap Build ‘ D

client-side (front end) Android App

’ HTML code

‘ CSS code

’ JavaScript Code

’ TensorFlow JS Library

<J>

’ OpenCV JS Library

Web Application

‘ jQuery Library

Figure 5 Softwaredevelopmenprocess

Figure5 outlines the main elements involved in the software development. This project used
three prominent open source software libraries: TensorFlp®@@&CV, and jQuery.
TensorFlow is grominentopen source machine learning application development platf@im t
is used invarious Al application development projects worldwidiensorFlow JS is the
JavaScript version of TensorFlow and it enables the developmlerdaw$erand mobile device
based Al applications. TensorFlow is a complex and comprehensive ecosliat provides
pre-built machine learning models. This projectdifee Cocossdobject classification model
which provides capabilities fdocaing and identifyng the objects in a given image. Cessd is
provided within the TensorFloplatform, andprovidesthe capabiliy to identify vehicles in an
image. The application developed for this project utilizes a versitre@ocossd model that

wasspecifically designed for mobile devicd$he software built for this projeetasdesigned to
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filter the Cocessd output to look for objects with the following object classes providéakeby
Cocossd model : Acar " ; 0 tssdeysten hasbualtindcapability ® o .

detect people, therefore, more complex algorithms can be created ikthareed for detecting

pedestrians in the areBhe other important software library used by this projetOpenCV,

which provides an extensive set of banltfunctions for complex image processing and

computer vision projects. Finally, jQuery is larlry that streamlines web application

development.

The end products of the software development are in two forms: steesoftware and client

sidesoftware componen{g\ndroid mobile apps and web app&he web apps can b&in ona

browser orAndroid mobile devicess well as omlesktopor laptopcomputersThe browser

The

based web applications were designed using progressive and responsive web development

techniquestherefore, they provide a level of performance close to native mobile applications.

This projectalsocreated Android apps that can be installed on Android smartphones.

Vehicles inside
the polygon are
indicated with a

box

The first
number
indicates the
model score
value. Second
number
indicates the
measured
motion
intensity

User input textbox: User input textbox:
Motion threshold setting score threshold setting

173125428

Message area that displays the Reset button to Button to finalize the drawing of
alerts to the users and/or any cancel an alert
other relevant information

Users click on this
button to start

drawing a polygon a polygon

Figure 6 Elements of the user interface
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The user interface of the preof-concept systems is shown in Fég The same elements and
visual layout are used for both systems. The design features three buttons and two textboxes.
There is a text ardhatdisplays relevant status messages tosysech as alertanddevice
readiness. The user input text boxes @eduo calibrate the application whascessary.

Theimagebasedvehicle detection constitutes the most critical capability in the gpbobncept
systens developed in this project. Thereaisonsiderable amount bferatureregarding

computer visiorbased vehicle detectigheibe, Schindler, Cornelis, & Gool, 2008Robert,

2009) (Xu, Yu, Wu, Wang, & Ma, 2017)Zhangl, Xul', & Feng) and(Liu, Wu, & Zhang,

2007) The majority of theexisting methods and research is based on conventional-image
processing methods. One comnummventionabpproachnvolvesbackgrounebased methods
which arebased on processing the differences between the current image and a constructed
image of the background. Another common approach involves grdiesatt methods, which
detect the vehicle edgesartaptured imagéZamin et al., 2003)Satzoda et a{2012)used

these approaches in their reseaiahwhichthey developed a computer visibased vehicle

gueue detection method combining edge detection and binary thresholding to detect vehicles.
The performance of most vehicle detectigystemsds sensitive to the visibility factors of the

scene For exampleZaninet al.(2003) indicatedhatnight conditionsverea source of missing
alarms. They also stated that shadowsleadtoi over esti mating the prese
r o a d wheyuse.of Albased methods in this study providespotential to ovesome some of

the challenges imposed by the deployment setting.

There are certain stefizat needo be taken to ensure an accurate and reliable detection process.
The first step centers around maintaining the physical stability of the moumgtngment. he
detectiondevice shou be mounted on a sturdy structure (eagripod or a poleand he

operators should make sure that the system is not impacted by theingadigh speed winds

may cause the detector unit to mo&so, snce thesystemmonitors gparticularpolygon area,
unintentionalcamera movewill result in inaccurate detection performancéle system can

tolerate slight vibrations and movements, but substantial movementsigger missed or false
detectiors. The next critcal step is talesignatehe area that will be monitoredHere, he length

of theselectedoadwaysegmenshould be compatible with the requirements of the system.
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The detection algorithmssed in this projeaverebased on the detection of a vehicle from its
visible featuresTherefore, the systecandemonstrate a level of sensitivity toward elements that
mayimpactthevisibility negatively For example,n dark road conditions vehicles

headl i gh tadehdegcy ta averwhilmm the image and the vehicle trahbecomes
undetectableChallenging situatiomcan also b@otentially experienced during heavy
precipitation, fog, and highly reflective roadway conditions. The pobaoncept systems
developed areprovidea number of calibration settings tltainalleviate some of #se

environmental problems.

5.1. Prootof-Concept System faWork Zone Intrusion Detection and Warning System

As part of this projecthie author developedsmartphonéased work zone intrusion detection
and warning system to evaluate the feasibility of usingp#@ded computer vision methods to

detect vehicle itrusionsin work zones.

gt i iieis s bbbyl 4
\ Y )L Y ) ll Y )
‘ Buffer Active work area

Merge taper /

Polygon being Detector
monitored for position
intrusions
L )
Y

Vehicle intrusion detection range

Figure 7 Detector position and detection argaa work zone

Figure7 depicts a typical setup showing the camera position and the detection area within a work
zone. The system cdmnction with various camera viewing angles. A typical and recommended
setup involves the camebaingplacedl closer to the active work areath thecamera pointed

toward approaching traffic. Tabl lists the recommended lengtlor the areato bemonitored

by the deviceThe maximum length of the detection area should be 200 m. The minimum length

depends on the speed limit posted in the area. Minimum distances between the work area and the

Using IoT Technology to Create Smart Work Zones 29



detection area are also providadrable 12 Note, te valuegprovided in Table 12relinked
with the performance of the smartphone used in this project. Faster devices can potentially
provide more flexibility in terms of the parameters included in TablentPmaybe used to

detect shorter or longer roadway segraehainthoselisted in Table 12.

Table12 Recommended criteria for identifying the detection zone for the-pfammincept work
zone intrusion alert system

Roadway speed Minimum length of Maximum length of the | Minimum distance between

limit the roadway to be roadway to be the work area and the edge of
monitored monitored the detection zone

More than 45 mph | 80 m 200 m 50 m (or useEquation )

45 mph or less 40 m 200 m 35m (or useEquation )

Figure 8 Polygons are drawn on the device screen to designate the area that needs to be
monitored for intrusions

At the beginning o& detectiorsession, the user selects the aodze monitored by the
smartphone. This is done by dragia polygon on the device screen. An exampkucha
polygon is shown in Fig8. Any shape of work area that needs to be monitored can be
approximated by a polygon. Once the polygon is formed, the device nsdhagmelected area to
detecttheentry ofa vehicle into the restricted arddne system provides calibration settings that
enable the operator to firtane the device to compensate for the visibility of the seétige

time. The device typically nesdo be calibrated during nighttime operati@nrsluringadverse
weather conditions (e,cheavy rain, snow, fog, poor lightingjhe system is designed to detect
the presence of a vehicle inside the polygon seéected by the operatdrhe device can also be
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configuredto issue alerts only when the detected vehicle travels faster teatasthreshold

speed entered into the system. The detection algorithm is summarized9n Fig

The proof-of-concepisystembuilt for this studyusesa smartphone as a detection and alert

device. h e s mar t p h constabtlg monimmmeresticted aredf the system detects a
vehicle in the designated polygon area, it issues alerts to the mobile devices worn by the workers.
The alerts areelayed througha server.The mobile deviceworn by the workesconstantly poll

data from a file on the server. The intrusion detection system updates that file when an intrusion
occurs. Consequently, whenever an alert is recorded on the server, the alet desgce worn

by the workerisoundsanalarmand also vibratesNorkers are abldo hear the audibased

warning throughheir earbuds othrougha portablespeakeattached to their safety vesthey

will alsofeel vibrationalertsat the same tim#arough the mobile devic& he test system ude
thelnternet for relaying the alerts in the work zphewever, it isalsopossible to use the system
without an Internet connection. If the system needs to be run without an Internet connection in
the work zone, the smartphone can be configured to host the server functionatizmaotas
theWi-Fi router in the work zonto relay alerts to the receiverBhe system can also be

configured to generate alerts toward both clbaded and local servers simultaneously to

increase the system reliabilityr thisway, if the Internet connection is lost at the work site, the
system ca still generate alert3.he structure of the intrusion detection and alert activation
mechanism embedded in the software is illustratdedg. 9

A simplified representation of the work zone intrusion detection and alert procegkrisdin

Figures 9and10. The system constantly takes snapshots of the scene and processes them using
the TensorFlow JBased object recognition modules. The system only creates an alert when the
detected vehicle is inside the polygon identified by the user. The sanmgingfthe sensor

depends on the computing power of the device being used. Faster mobile devices can process the

images faster, which results in better system performance.
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Figure 9 Simplified algorithnfor proof-of-conceptwork zone intrusion detection and alert

generation

Figure 10 Proof-of-conceptwork zoneintrusiondetection andvarning systemarchitecture
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